4. Marker enzyme activities and density 1. The hepatic organelle pathology of 12 patients with Gilbert's syndrome was studied b y analytical subcellular fractionation in combination with enzymic microanalysis of liver biopsy material.
Introduction
Gilbert's syndrome, first described by Gilbert & Lereboullet (1901) , is a common familial disorder of bilirubin metabolism, characterized by an isolated unconjugated hyperbilirubinaemia in the absence of overt haemolysis (Arias, 1962 ). The precise underlying biochemical defect in this syndrome is currently contentious but various morphological accompaniments have been described on electron microscopy of the hepatocyte. Gross hypertrophy of the smooth endoplasmic reticulum has been noted in all patients in one small selected study (McGee, Allan, Russel & Patrick, 1975) and in a substantial subpopulation of a larger consecutive study (Dawson, Carr-Locke, Talbot & Rosenthal, 1978) . Lipofuscin pigment accumulation has also been noted as a prominent feature of many patients (Barth, Grimley, Berk, Bloomer & Howe, 1971) . A variety of other inconstant abnormalities of the mitochondria, plasma membrane and microvilli have been described (Simon & Bleuger, Krupnikova, Sondore & Semushina, 1977) .
The present study applies the technique of analytical subcellular fractionation combined with enzymic microanalysis (Peters & Seymour, 1978) to liver biopsies of patients with Gilbert's syndrome to further define the organelle pathology and quantify any abnormalities thus found.
Methods

Patients
Twelve patients with Gilbert's syndrome were studied (age 23-55 years). These patients presented to general medical outpatients for investigation of non-specific symptoms and were found to have an isolated predominantly unconjugated serum hyperbilirubinaemia (range 22-75 pnol/l) as the only abnormal investigation. All other tests of liver function, and cholecystography where appropriate, were normal. Extensive investigations excluded all common causes of haemolysis. All patients were subsequently shown to have normal liver biopsies on light microscopy, with the exception of the presence of lipofuscin pigment in five patients. No patient gave a history of excessive alcohol intake and no drugs were being taken at the time of the biopsy.
Biochemical and morphological studies
Portions of liver tissue were obtained by percutaneous liver biopsy with a Menghini needle. A portion was taken for routine histology and a further small portion fixed in glutaraldehyde for electron microscopy. The smooth endoplasmic reticulum of the hepatocytes in each biopsy was quantified by a modification of the method of Loud (1962). A grid measuring 18 cm x 22 cm with wires separated by 1.5 cm was laid on photomicrographs of 20 000 magnification taken randomly from several regions of each biopsy. The number of crossings of the membranes of smooth endoplasmic reticulum by the wires of the grid was measured for each photomicrograph and the mean number of crossings in all the photomicrographs for each biopsy was recorded. These results were compared with results from five control biopsies.
The remainder of the biopsy was placed in 3 ml of ice-cold sucrose (0.25 mol/l) containing disodium EDTA ( 1 mmol/l, pH 7-2) and ethanol (20 mmol/l) (SVE medium). The tissue was disrupted in a Dounce homogenizer with a loose-fitting pestle, and the homogenate was centrifuged at 600 g for 10 min. The pellet was resuspended in a further 2 ml of SVE medium and centrifuged again. The postnuclear supernatants were combined, and 4 ml of this supernatant was layered on a 28 ml sucrose density gradient extending linearly with respect to volume from density 1-05 g/ml to 1.28 g/ml and resting on a cushion of 6 ml of sucrose (density 1.32 g/ml) in the Beaufay small-volume automatic zonal rotor as described previously (Peters, Muller & de Duve, 1972) . Fifteen fractions were collected into tared tubes and, after re-weighing and mixing, the densities of the fractions determined indirectly by refractometry.
Enzyme activities of the fractions and homogenates were determined by microanalytical methods previously described (Peters, 1976 (Peters & Seymour, 1978) . Biopsies from control subjects were studied in a similar manner and at similar times to those from the patients with Gilbert's syndrome. These studies were approved by the local ethical committee. Table 1 shows the specific activities of marker enzymes for the major organelles in the postnuclear supernatant from liver biopsy homogenates of patients with Gilbert's syndrome in comparison with our previously published values for normal liver biopsies (Peters & Seymour, 1978) . No difference was demonstrated in the markers for plasma membrane, biliary canaliculi, mitochondria or cytosol. However, a significant increase was seen in the endoplasmic reticulum marker neutral aglucosidase. Likewise a significant increase was seen in the three lysosomal markers, N-acetyl-8-glucosaminidase, acid phosphatase and pglucuronidase. A small increase was seen in the peroxisome marker catalase. Fig. 1 shows the density distribution of the endoplasmic reticulum marker ct-glucosidase after sucrose-density-gradient centrifugation. Inspection of the individual data indicated that the patients quite clearly fell into two groups. In five patients the density distribution coincided with the normal controls with a mode at 1-20 g/ml. The remaining seven patients showed a different distribution with a considerably lighter peak, around 1.15 g/ml. Table  2 shows the median distribution densities of neutral a-glucosidase from the individual patients, showing the separation into two distinct populations. Fig. 2 shows the density distribution of other organelle markers in all patients with Gilbert's syndrome, compared with normal human liver. Abnormalities were seen in the two lysosomal markers P-glucuronidase and N-acetyl-pglucosaminidase. The Pglucuronidase showed a peak in the lighter regions of the gradient and the N-acetyl-p-glucosaminidase did not show the peak found in normal biopsies. These changes were found in all biopsies and there were no obvious subdivisions. No correlation between lysosomal enzyme activities or density distribution and presence of lipofuscin pigment was found. No significant changes in the density distribution of other organelles were seen, compared with the control data. The apparent changes in the cytosol marker lactate dehydrogenase were not significant.
Results
Biochemical studies
Morphological studies
With the exception of the presence of lipofuscin pigment in five patients, no abnormalities were seen on light microscopy. Electron microscopy was Averaged results from seven patients with altered density distributions: (b) averaged results from patients with a normal density distribution of neutral a-glucosidase. Frequency (mean SD) is defined as the fraction of total recovered activity present in the individual fraction divided by the density span covered by that fraction. The activity present over the density span 1.05-1.10 represents. over an arbitrary abscissa interval. enzyme remaining in the sample layer and presumed to reflect soluble activity. Percentage recoveries (mean f SE): (0) 107 ? 7: ( b ) 104 f 7 . performed in seven patients and, with the exception of the endoplasmic reticulum. showed no abnormality of any other organelle. In four biopsies striking hypertrophy of the smooth endoplasmic reticulum was seen (group A. Fig. 3 ). These patients were all in the group with the lighter peak of the endoplasmic reticulum marker a-glucosidase on density gradient centrifugation. The remaining three biopsies did not differ from those of normal controls and showed the normal predominantly rough endoplasmic reticulum (group B. Fig. 3 ).
These three patients showed normal density gradient distribution of cr-glucosidase. T h e presence of lipofuscin in the biopsies did not correlate with changes in the smooth endoplasmic reticulum, the pigment being present in both groups. 
Clinical data
The two groups defined by density distribution of a-glucosidase did not differ in respect of age, sex, clinical presentation or mean serum bilirubin concentrations, both groups having typical Gilbert's syndrome.
Discussion
This paper is the first systematic attempt to investigate the organelle pathology of Gilbert's syndrome by biochemical techniques. All the patients fulfilled the accepted criteria of diagnosis of Gilbert's syndrome (Arias, 1962) , and none had evidence of overt haemolysis. The results of the fractionation experiments and analysis of enzyme activities show abnormalities of the equilibrium density distributions and total activities of markers for the endoplasmic reticulum and lysosomes. All other organelles showed normal equilibrium density distributions.
Two distinct populations of patients with Gilbert's syndrome were seen with different density distributions of the endoplasmic reticulum marker neutral a-glucosidase. Furthermore, those patients with normal distribution of crglucosidase had the normal, predominantly rough, endoplasmic reticulum of the hepatocyte on electron microscopy, whereas those with the light peak showed striking hypertrophy of the smooth endoplasmic rethlum. We have previously noted a decreased modal density of neutral crglucosidase in patients with alcoholic liver damage (Seymour & Peters, 1978a) , a condition associated with hypertrophy of the smooth endoplasmic reticulum (Lieber & Rubin, 1968) . The present findings provide biochemical correlations of the current and previous morphological observations in Gilbert's syndrome. Smooth endoplasmic reticulum hypertrophy on electron microscopy has previously been reported in a variable proportion of patients with otherwise typical Gilbert's syndrome Simon & Varonier, 1963; Schaff et al., 1969; McGee et al., 1975; Bleuger et al., 1977) . More recently we have shown it to be present in a distinct subpopulation of patients who differ in their bilirubin responses to starvation and nicotinic acid provocation from those patients with normal endoplasmic reticulum (Dawson et al., 1978) .
The reason for these differences in patients with apparently similar clinical symptoms is not readily explained. However, there have been other reports of heterogeneity amongst patients with Gilbert's syndrome on the basis of bromosulphthalein (Berk, (Martin, Vierling, Wolkoff, Scharschmidt, Vergalla, Waggoner & Berk, 1976) and bilirubin kinetics (Okolicsanyi, Ghidini, Orlando, Cortelazzo, Benedetti, Naccarato & Manitto, 1978) and studies of the conjugating enzyme system (Auclair, Hakim, Boivin, Troube & Boucherot, 1976) . McGee et al. (1975) suggested that the smooth endoplasmic reticulum hypertrophy could represent structural evidence of attempts by the cell to produce additional microsomal enzymes for bilirubin conjugation. It is now clear, however, that the defect of Gilbert's syndrome is not solely limited to the previously demonstrated conjugation defect (Black & Billing, 1969; Felsher, Craig & Carpio, 1973) . In some patients at least there is evidence of an abnormality in bilirubin uptake from the plasma (Berk, Bloomer, Howe & Berlin, 1970) . Other authors have produced evidence of a defect in a second conjugation step, which is thought to occur at the plasma membrane, converting bilirubin monoglucuronide into the diglucuronide (Fevery. Blanckaert, Heirwegh, Preaux & Berthelot, 1977 : Jansen, Choudhury, Fischberg & Arias, 1977 . It may well be, therefore, that differences in the organelle pathology in our patients may reflect patients with a different fundamental underlying biochemical defect. It would have been of interest to investigate the density distribution of the conjugating enzyme, glucuronyl transferase, in our two groups but the assay is not sufficiently sensitive to measure this enzyme activity in the sucrose gradient fractions.
The increase in activity of N-acetyl-/3-glucosaminidase, acid phosphatase and 8-glucuronidase and the altered density distribution of N-acetyl-Pglucosaminidase and Pglucuronidase show that the lysosomal properties are in some way altered. Lysosomal integrity, however, as evidenced by normal latent and sedimentable N-acetyl-/Iglucosaminidase activities, was unimpaired. This suggests that the abnormal distribution of lysosomal enzymes was due to lysosomes of reduced equilibrium density rather than to lysosomal disruption. Lipofuscin pigment has been reported to accumulate in excess in Gilbert's syndrome (Barth et al., 1971) . Lysosomes have been shown to fuse with precursors of lipofuscin and other residual bodies (Gordon, Miller & Bensch, 1965) and these pigment granules have been shown to be associated with lysosomal enzyme activity Likewise elevated enzyme activities are found in primary and secondary haemochromatosis (Seymour & Peters, 1978b) and in the DubinJohnson-Sprinz syndrome (Seymour, Neale & Peters, 1977) . examples of secondary lysosomal storage diseases. These findings could be interpreted as frustrated attempts by the cell to remove undegradable material. A similar process may account for the lysosomal abnormalities of Gilbert's syndrome, although we can only speculate on the nature of the primary waste material.
A characteristic feature of Gilbert's syndrome is the accumulation of unconjugated bilirubin in the serum and recently it has been reported that these patients excrete a decreased proportion of bilirubin diglucuronide in the bile (Fevery ef al., 1977) . These changes have usually been attributed to impaired bilirubin glucuronide synthesis but, in view of the raised P-glucuronidase activity, the present study raises the possibility that enhanced hydrolysis of the conjugates may at least be partially responsible.
The current study showed no biochemical evidence of abnormalities of the plasma membrane, biliary canaliculi or mitochondria in the patients with Gilbert's syndrome. This correlates with the absence of ultrastructural abnormalities of these organelles. This study therefore provides biochemical confirmation of previously reported abnormalities of the endoplasmic reticulum, but underlines the presence of two subpopulations. It also demonstrates altered lysosomal properties which might be associated with lipofuscin accumulation in this syndrome.
